A B S T R A C T Analyses of nucleotides and glycolytic intermediates were performed on perchlorate extracts of blood and quick-frozen brain from rats nephrectomized 48 hr previously, and from rats infused for 6 hr with adenosine or AMP. Blood nucleotides of acutely uremic rats were normal. Uremic brain showed an increase of creatine phosphate (CP), ATP, and glucose with a corresponding decrease in creatine, ADP, AMP, and lactate. Other nucleotide triphosphates were increased, but total adenine nucleotide in brain was unchanged. Uremic brain failed to use ATP or produce ADP, AMP, and lactate at normal rates when subjected to the stress of ischemic anoxia. Although levels of cation responsive ATPase in extracts of uremic brain were normal, the inhibition of glycolysis in the intact brain appeared to be due to a failure of ATP hydrolysis (a diminished ATPase activity). Adenosine infusion produced mild azotemia, marked hyperglycemia, an increase in blood ATP,-and an increase in total blood adenine nucleotide. Brain from rats infused with adenosine or AMP also had high levels of ATP, creatine phosphate, and glucose, whereas levels of ADP, AMP, and lactate were low. However these brains responded with normal use of ATP and normal production of lactate when stimulated by ischemic anoxia.
A B S T R A C T Analyses of nucleotides and glycolytic intermediates were performed on perchlorate extracts of blood and quick-frozen brain from rats nephrectomized 48 hr previously, and from rats infused for 6 hr with adenosine or AMP. Blood nucleotides of acutely uremic rats were normal. Uremic brain showed an increase of creatine phosphate (CP), ATP, and glucose with a corresponding decrease in creatine, ADP, AMP, and lactate. Other nucleotide triphosphates were increased, but total adenine nucleotide in brain was unchanged. Uremic brain failed to use ATP or produce ADP, AMP, and lactate at normal rates when subjected to the stress of ischemic anoxia. Although levels of cation responsive ATPase in extracts of uremic brain were normal, the inhibition of glycolysis in the intact brain appeared to be due to a failure of ATP hydrolysis (a diminished ATPase activity). Adenosine infusion produced mild azotemia, marked hyperglycemia, an increase in blood ATP,-and an increase in total blood adenine nucleotide. Brain from rats infused with adenosine or AMP also had high levels of ATP, creatine phosphate, and glucose, whereas levels of ADP, AMP, and lactate were low. However these brains responded with normal use of ATP and normal production of lactate when stimulated by ischemic anoxia. INTRODUCTION The pathogenesis of uremic encephalopathy remains obscure. In an effort to improve our understanding of this state, a study was made of brain and blood nucleotides in acutely uremic rats. The choice of this approach was influenced by reports of abnormally high nucleotide and sugar phosphate levels in erythrocytes of uremic patients (1) . Since incubation of erythrocytes with adenine is also known to produce a net increase in total adenine nucleotide (2) , it seemed possible that increased tissue levels of adenine or other precursors might accumulate during renal insufficiency and lead to high levels of nucleotide in brain. These elevated nucleotides might play some role in the pathogenesis of the uremic state. For this reason changes were also sought in brain and blood nucleotides after infusion of rats with adenosine or AMP. In these experiments the object was to produce a similar disturbance in nucleotide metabolism without uremia. Changes in glycolysis were also measured in brains of uremic and infused rats. METHODS 100 g Fisher female rats were nephrectomized under ether and maintained on water ad lib. for 48 hr. Other unanesthetized rats received 0.5 mmole of adenosine or AMP,' i.p. by injection or by a 6 hr infusion with a flexible catheter and a Harvard Apparatus pump. Rats were guillotined so that the heads fell into more than 20 volumes of liquid nitrogen while blood drained from the torso into a dish containing heparin. In selected animals, decapitated heads were held at room temperature for 30 sec before freezing. 1.0 ml of blood was mixed with 7.0 ml of ice-cold 0.6 M HCl04 in 1.22 mm EDTA, stored on ice for 10 min, and centrifuged in the cold at 1600 g for 10 min. Supernatants were neutralized with 3.3 M K2COs containing 0.5 M KCl and were recentrifuged; these supernatants were then frozen at -70'C until analysis.
In a -20'C room, the cerebral hemispheres, cerebellum, and brain stem were removed with bone clippers and ground in a mortar under liquid nitrogen. 1.0 g of whole brain powder was weighed on a spiral spring balance (sensitivity: 0.002 g at -20'C) and homogenized with 2.0 ml of 6 M-HC104. Homogenates were removed to a 40C room, diluted with 18.0 ml of 1.22 mm EDTA and recentrifuged at 2900 g for 15 min. Supernatants were neutralized and stored as above.
ATPase was extracted from freshly dissected unfrozen brains with a solution containing 0.25 M sucrose, 0.03 M histidine, 0.005 M EDTA, and 0.1% sodium deoxycholate (3). These brains were ground with this solution in all glass homogenizers at 4VC. The homogenates were centrifuged at 10,000 g, and analysis was performed on the supernatants within 24 hr. 0.1 ml of supernatant was incubated at 370C in the presence of 3 mm ATP, 3 mM MgC12 and 100 mm NaCl with and without 30 mm KC1 in a final volume of 3.0 ml. Inorganic phosphate (P.) was measured colorimetrically (4). The protein content of these extracts was measured with the Biuret reaction (5). Hematocrits were done in Wintrobe tubes. Blood urea nitrogen was measured with diacetyl (6) and blood creatinine with alkaline picrate (7) .
Enzymic analyses were based on the optical density change at 340 m/u due to oxidation or reduction of pyridine nucleotides. The details of these methods are shown in Table I . The specificity of phosphoglycerate kinase and hexokinase methods for nucleotide triphos- 
RESULTS
The values reported here for normal young adult female Fisher rat blood and whole brain have no precise counterpart in published reports. Table III compares the present data with comparable published data. It is likely that the difference between the present results and those of Lowry et al (9) (10) (11) are largely due to the smaller head size in the mouse and differences in freezing technique.
Rats killed 48 hr after nephrectomy were tremulous and excessively responsive to loud noise, whereas spontaneous activity was slightly reduced; righting responses were normal. Infusions of adenosine and AMP appeared to have a slight "taming" effect. Blood urea nitrogen rose from 18 ±+1 mg/100 ml in normal rats to levels of 240 + 8 mg/100 ml in acutely uremic rats. After adenosine or AMP infusion the BUN was 53 + 4 mg/100 ml. In acutely uremic rats the pH of blood collected from the torso was 7.16 + 0.02 as opposed to 7.53 ± 0.03 in normal controls. AMPinfused rat blood pH was 7.36 + 0.06.
Alterations of blood nucleotides in uremic and infused rats are compared in Fig. 1 . Acutely uremic rats did not show significant changes in blood adenine nucleotides. There was a significant (P < 0.001) increase in the fraction designated as nonadenine nucleotide triphosphate (Table IV) . Adenosine and AMP infusion did produce a significant (P < 0.001) rise in each of the individual and total adenine nucleotides. The small rise of nonadenine nucleotide triphosphate in response to adenosine infusion was not significant (Table IV) . Brain nucleotide changes in these same groups are shown in Fig. 2 . Infused and uremic rats all show significant increases in ATP (all P < 0.005). However, in each instance there is a statistically significant (P < 0.001) decline in both ADP and AMP so that total adenine nucleotide is unchanged. Nonadenine nucleotide triphosphate is also increased in uremic and infused brains but these changes are not statistically significant (P < 0.2) (Table IV) . Creatine phosphate in brain is increased (P < 0.001) in uremic and infused brains with a corresponding decline in free creatine (P < 0.01) (Fig. 2 ). Brain lactate is low and brain glucose is high in uremic and infused groups (Fig. 2) . Increases in brain glucose in uremic rats were not due to hyperglycemia; blood glucose was 100 + 5 mg/100 ml in both normal and uremic rats. By contrast, infusion of 0.5 mtnole of adenosine over 6 hr in fasting rats led to blood sugar levels of 307 and 435 mg/ 100 ml. The response of brain to 30 sec of ischemic anoxia achieved by delayed freezing of the severed head is presented in Fig. 3 uremic rat brain and falls in response to ischemia only in the uremic rat. Because reactants and products of the creatine phosphokinase, adenylate kinase, and phosphofructokinase reactions were measured, the ratios of these were calculated (Table VI) . The adenylate kinase ratio, (ATP) (AMP)/ (ADP) 2, was normal in uremic blood and brain but fell in blood and rose in brain in response to precursor infusion. In accord with previous reports this ratio fell in response to ischemic anoxia. The creatine phosphokinase ratio, (ATP) (C) / (ADP) (CP), was similar at zero time in normal and infused brains; in both instances the ratio rose sharply in response to anoxia. The uremic brain has a normal ratio at zero time and this ratio remains absolutely unchanged during ischemic anoxia. Table VI also records the ratio of reactants and products for the phosphofructokinase reaction. In the normal rat ischemia provokes a sharp. increase in this ratio; in the uremic rat the initial ratio is depressed and rises only slightly in response to ischemia. With adenosine injection the initial ratio is low as in the uremic rat but rises strikingly in response to ischemia as it does in the normal rat.
Adenosine infusion was carried out for 6 hr before sacrifice in a few rats who had been nephrectomized 42 hr previously. The effects are in an increase in erythrocyte ATP and total adenine nucleotide. The response of the acutely uremic rat to adenosine infusion is especially marked and indicates an at least normal potential for the generation of erythrocyte ATP in uremia.
Conceivably the hypothesis that a-retained adenine nucleotide precursor leads to high erythrocyte ATP in the human is correct; in the acutely uremic rat it is obviously wrong. More chronic experiments (to be published) do show an increase in erythrocyte ATP and total adenine nucleotide. It may be that the duration of uremia and its effects on the average age of circulating erythrocytes determine these differences between acute and chronic uremia. Clearly, the increase in brain nucleotides originally predicted in uremia and after adenosine infusion did not occur and could not account for the central nervous system symptoms of uremic rats. Nonetheless, notable alteration of brain nucleotide distribution and of brain metabolism was found in acutely uremic and in precursor-infused rats. The most obvious changes in uremic rat brain were a marked decrease in lactate formation, a 50%o decrease in calculated high energy phosphate utilization, and a marked attenuation of the nucleotide response to acute ischemic anoxia. In the response of normal brain to ischemia, ATP breakdown occurs much more rapidly than it can be generated from creatine phosphate or through adenylate kinase and glycolytic reactions from AMP or ADP; AMP therefore accumulates (' Fig.   3 ). If glycolysis itself were inhibited by uremia, the breakdown of creatine phosphate and ATP in response to ischemia would be even more extensive in uremic than in normal brain because the regeneration of ATP by glycolysis would be impaired. Instead a decreased breakdown of ATP and a failure of ADP and AMP to accumulate is Brain Metabolism in Uremic and Adenosline-Infused Rats 2139 BUN, mg/100 ml observed in uremic brain (Fig. 3) . It is concluded that the disordered brain function of acute uremia is associated with a defect in energy transformation manifested by a failure to use ATP. A similar failure to use ATP during ischemic anoxia has been reported during barbiturate anesthesia ([9] Figs. 2 and 3). Direct evidence of altered ATPase activity could not be obtained from measurement of total and cation sensitive ATPase in brain homogenates. This does not exclude diminished activity of ATPase in vivo. Direct evidence that the Naand K-sensitive ATPase of the red cell membrane is diminished in uremia has been presented by Welt, Sachs, and McManus (16) .
It is necessary to consider the possibility that the acidosis of uremia may inhibit brain glycolysis, whatever the site of metabolic control. Acidosis is known to inhibit erythrocyte glycolysis (17) . If, as suggested by Lowry et al (9) , the ratio of reactants and products of the creatine phosphokinase reaction is an indicator of brain pH, then uremic brain was not acidotic at zero time and was less acidotic after 30 sec of ischemia than was either the normal or the precursor-infused rat brain. The hydrolysis of each umole of ATP to ADP and Pi releases 1 umole of H+ ions as does the formation of each lmole of lactic acid. Because both these processes are diminished in uremic brain, failure of brain pH to fall may have been the result rather than the cause of diminished glycolysis. A normal intracellular p11 in the presence of extracellular metabolic acidosis is quite consistent with present concepts of acid-base regulation (18 (9) . In the present study the ratio of reactants and products of the phosphofructokinase reaction, (FDP) (ADP)/(G6P) (ATP), (Table  VII) may give an indication of the behavior of this enzyme. In the uremic rat this ratio is 60% of normal at zero time and does not rise in response to ischemia. In control rats the ratio more than doubles in response to ischemia. This change, the normal response to anaerobiosis, was due principally to the fall in ATP and the rise in ADP. ATP inhibits whereas AMP and ADP activate this reaction (9) . The observed failure of this ratio to increase in uremia is the expected result of decreased ATP breakdown. The observation that the level of fructose diphosphate fell during ischemia in uremic rat brain also suggests a failure to supply fructose diphosphate to the subsequent reactions of glycolysis at the rate required. Because detailed studies of this reaction and of other control points of glycolysis during the early part of ischemia were not done in the present study, the relative importance of the phosphofructokinase reaction in the over-all decrease of glycolysis cannot be stated. When the above ratio is calculated from the data of Lowry et al. (9) for anesthetized mice and is compared with that found in normal mice, it appears that this ratio is also markedly decreased by anesthesia. It is likely therefore that the inhibition of glycolysis in uremia and in anesthesia occurs at the level of the phosphofructokinase reaction and is a direct consequence of the failure of brain to consume ATP at a normal rate. The metabolic rate of brain as calculated from the rate of use of high energy phosphate during ischemic anoxia is reduced in uremic brain. This metabolic rate has been shown to closely reflect the metabolic rate of brain in vivo (9) . Our data therefore strongly suggest a depression of energy metabolism in uremic brain during life. A depression of cerebral oxygen consumption in vivo in uremia has been previously reported (15) . It is not surprising that such a decrease in metabolic rate should be associated with altered substrate concentrations in brains frozen immediately after decapitation. It has seemed plausible to relate the high brain glucose in uremic rats to the reduced utilization of high energy phosphate postulated to occur in these animals during life. This assumes, as does the work of Lowry et al. (9) , that the utilization rates immediately after decapitation reflect high energy phosphate use in life and that glucose metabolism is the source of the high energy phosphate. According to this formulation, the low brain glucose in the normal rat brain is due to rapid glucose consumption compared with the rate of delivery across the bloodbrain barrier during life. The high brain glucose in the uremic rat merely reflects the fact that a slower rate of glucose consumption will permit brain glucose to more closely approach blood glucose during life. A marked increase of brain glucose is also seen in anesthesia and the extent of this increase has led others to suggest that, in addition to a decreased glucose consumption in anesthesia, there may be a primary increase of transport of glucose into brain (10, 11 ). An increase in the extracellular fluid volume of brain in anesthesia and uremia could also produce a high brain glucose. Neither the rate of glucose transport into brain nor extracellular volume of brain was measured in the present study.
Having shown that glycolysis is slowed in uremic brain, it is necessary to explain why consumption of glucose per se during the first 30 sec after decapitation is greater in the uremic than in the normal rat. Ischemic brain consumes glucose in preference to glycogen so that glucose is very quickly depleted from previously normal brain after decapitation and lactate production must then depend on glycogen (9) . In uremic brain there is a much higher level of glucose at the time of decapitation, so that during the 30 sec period of ischemia the consumption of glucose per se exceeds that which is possible in the already glucose-depleted normal brain. In spite of this the actual total production of lactate and high energy phosphate utilization during this interval is decreased in uremic brain. The high glucose consumption observed after adenosine infusion indicates that a high glucose concentration in the brain does not itself inhibit glycolysis or high energy phosphate utilization.
It is difficult to ascribe the changes that follow adenosine infusion to the mild renal failure seen in these rats or to relate this minimal renal failure to the 2,8-dioxyadenine toxicity observed in chronic experiments by Philips, Thiersch, and Bendich (20) . The elevation of nucleotide triphosphate at the expense of ADP and AMP, the high levels of cerebral glucose, and the large contributions of free glucose to lactate formation are phenomena shared by uremia and the response to adenosine infusion. On the other hand the rate of high energy phosphate utilization was diminished in uremia and was normal in adenosine-infused rats. It is possible that the high ATP/ADP and ATP/AMP ratios and the high brain glucose in the adenosine-infused rat can be shown to reflect a high potential for the generation of high energy phosphate compared with the potential for its hydrolysis. According to such an hypothesis, the changes in uremia are due to decreased hydrolysis of ATP in the presence of a normal capacity for generation of ATP. The same changes after nucleoside or nucleotide administration are due to an increased potential for ATP generation in the presence of a normal hydrolytic potential.
It is of interest to compare these observations with the known effects of anesthesia (10) . A high level of labile phosphate sustained after decapitation and a diminished glycolytic response to ischemia are features of both uremia and anesthesia. Although the corresponding behavioral states seem markedly different, it is recognized that the irritability of the uremic rat appears on a background of diminished spontaneous activity and represents a stage in the evolution of uremic coma. However no sharp proportionality of consciousness and levels of labile phosphate can be discerned. Until the adenosine and AMP infusion effects were found, it seemed reasonable to accept a rough relationship of depressed brain function to high levels of labile phosphate and to low rates of high energy phosphate utilization. However, the adenosine data clearly show that an increase in labile phosphate may occur with little change in behavior and without depression of the response to ischemia anoxia. The more fundamental correlation is between depression of the central nervous system and a decrease in ATP utilization for energy transformation.
